Keratinocyte growth factor (KGF) is a paracrine growth factor whose mRNA has been detected in human adult and rodent gut tissues together with its associated receptor. Our objectives were to assess the presence of immunoreactive KGF ligand and receptor proteins in human fetal gastrointestinal (GI) tract segments and to evaluate the role of exogenous KGF on cell proliferation and intestinal digestive functions. KGF (26 -28 kD doublet) was identified in esophagus, stomach, small intestine, and colon by Western blot. Its receptor (135 kD) was ubiquitously detected in proliferative and differentiated epithelial cells of each GI segment by use of indirect immunofluorescence (anti-bek, anti-K-sam). The addition of KGF to explants cultured in serum-free conditions greatly stimulated DNA synthesis in all GI tract tissues. The growth factor up-regulated intestinal sucrase-isomaltase and ␥-glutamyl-transpeptidase activities in jejunal explants, whereas it down-regulated these activities in colon explants. It is suggested that the KGF system likely represents an important paracrine pathway that is able to stimulate cell proliferation in all segments of the human fetal GI tract and to differentially regulate intestinal digestive functions. KGF or FGF-7 is a member of the heparin-binding growth factor family [reviewed by Baird and Klagsbrun (1)]. This growth factor is able to stimulate the proliferation of epithelial cells and to positively influence their polarization/differentiation status in culture (2-4). Its associated receptor (KGF-R) is virtually identical to the K-sam protein found in KATO-III cells and gastric carcinomas (5, 6), which is the product of an alternative transcript of the FGFR-2/bek gene. Splicing of the mRNA alters a small region of the extracellular domain of the receptor and confers increased capacity for KGF binding (7). One study (8) clearly demonstrated that the bek gene is expressed in great amounts in diverse epithelia (skin, intestine, stomach, kidney) of the mouse embryo and that the alternative transcript encoding the KGF-R represents the major form found in these tissues. Some other important features characterize this growth factor: 1) KGF is exclusively synthesized by mesenchymal cells and exerts its action on epithelial cells (9, 10) via KGF-R, and 2) as opposed to other growth factor receptors [epidermal growth factor/transforming growth factor (EGF/TGF␣), hepatocyte growth factor (HGF), insulin-like growth factor (IGF) associated with basolateral membranes of epithelial cells, KGF-R is also present in the cytoplasm (6).
KGF or FGF-7 is a member of the heparin-binding growth factor family [reviewed by Baird and Klagsbrun (1) ]. This growth factor is able to stimulate the proliferation of epithelial cells and to positively influence their polarization/differentiation status in culture (2) (3) (4) . Its associated receptor (KGF-R) is virtually identical to the K-sam protein found in KATO-III cells and gastric carcinomas (5, 6) , which is the product of an alternative transcript of the FGFR-2/bek gene. Splicing of the mRNA alters a small region of the extracellular domain of the receptor and confers increased capacity for KGF binding (7) . One study (8) clearly demonstrated that the bek gene is expressed in great amounts in diverse epithelia (skin, intestine, stomach, kidney) of the mouse embryo and that the alternative transcript encoding the KGF-R represents the major form found in these tissues. Some other important features characterize this growth factor: 1) KGF is exclusively synthesized by mesenchymal cells and exerts its action on epithelial cells (9, 10) via KGF-R, and 2) as opposed to other growth factor receptors [epidermal growth factor/transforming growth factor (EGF/TGF␣), hepatocyte growth factor (HGF), insulin-like growth factor (IGF) associated with basolateral membranes of epithelial cells, KGF-R is also present in the cytoplasm (6) .
During the last years, attention has been focused on the possible implication of this paracrine growth factor in the regulation of GI physiology. Indeed, the observations that KGF and KGF-R mRNA are present in all segments of the adult rat GI tract and hepatocytes (11) as well as in fetal rat stomach (12) supported the concept that the KGF system could be involved in normal development and maintenance of digestive organs. When administered parenterally to adult animals, KGF increases wet weight of intestine and stomach, exerts a positive influence on stem cell proliferation from the foregut to the colon, and causes a dramatic increase of cholesterol and triglyceride circulating levels (11, 13) . Some of these results were confirmed using rabbit gastric epithelial monolayers in which KGF stimulates cell proliferation and migration by itself or in combination with other mitogens (14) . Another study (15) demonstrated that KGF-induced hypertriglyceridemia results mainly from stimulation of hepatic lipolysis. Thus, it has been hypothesized that this growth factor could play a dual role in the context of digestive physiology in the rat; it may act as a trophic growth factor as well as a regulator of secretory/ catabolic activity.
Recent studies (16, 17) reported that the mRNA for KGF and its receptor are detected in the adult human intestine and that their expressions are positively modulated in patients suffering from inflammatory bowel diseases. Also, upregulation of the KGF-R seems to be biologically significant in the context of tumorigenesis as it is related to the appearance of aggressive gastric and esophageal carcinomas (5, 6, 18) . Nonetheless, the ontogenic expression of KGF and KGF-R in human GI segments, as well as their potential roles, has yet to be characterized. One has to keep in mind that many segments of the human fetal GI tract acquire their adult morphologic and functional characteristics very early (10 to 15 wk of gestation) as opposed to rodents (19, 20) . Furthermore, our ability to maintain these different fetal segments in serum-free organ culture (21-24) allows us to specifically characterize the modulators involved in the regulation of human GI functions. The objectives of the current study were the following: 1) to verify the presence of KGF and KGF-R proteins in human fetal esophagus, stomach, small intestine, and colon by Western blot analysis, 2) to localize putative KGF-R at the cellular level by use of immunohistochemistry (with anti-bek, anti-K-sam), and 3) to assess the specific effects of exogenous recombinant KGF on GI tissues maintained in organ culture. Our results suggest that the KGF system likely represents an important paracrine pathway that stimulates epithelial cell proliferation in all segments of the human fetal GI tract and that also modulates intestinal digestive functions.
METHODS
Collection of specimens. GI tissues from 35 fetuses varying in age from 16 to 20 wk postfertilization [fetal ages were estimated according to Streeter (25) ] were obtained from normal elective pregnancy terminations. Studies were approved by the Institutional Human Subject Review Board, and no tissue was collected from cases associated with known fetal abnormality or death. Digestive organs were immersed in Leibovitz L-15 medium (GIBCO-BRL Life Technologies, Burlington, Ontario, Canada) containing gentamicin and nystatin (40 g/ mL) and prepared for culture within 30 min. For immunofluorescence studies, specimens were rinsed with medium, directly embedded in OCT (Optimum Cutting Temperature embedded compound; Tissue Tek, Miles Laboratories, Elkhart, IN, U.S.A.), and frozen in liquid nitrogen.
Organ culture. The esophagus was deposited on sterile agar, split longitudinally, and dissected into explants (3 ϫ 7 mm 2 ) (21). Whole stomach was cut along the great curvature; its cardiac and antral portions were excised leaving the representative glandular stomach (fundus/corpus) that was cut into explants (5 ϫ 5 mm 2 ) (22) . The jejunum (23) and colon (24) were cleansed of soft tissues (mesentery) and dissected into 5 ϫ 5-mm 2 pieces. Explants were then deposited on a lens paper lying on a metal grid in a Falcon organ culture dish (Falcon Plastics, Los Angeles, CA, U.S.A.) and maintained at the interface of medium and atmosphere consisting of 5% CO 2 :95% air and saturated water vapor at 37°C. Tissues were cultured in serum-free Leibovitz L-15 medium supplemented with gentamicin and nystatin with no additives (controls) or in the presence of 10 -50 ng/mL KGF (PeproTech, Rocky Hill, NJ, U.S.A.). Culture medium was renewed after 24 h and every 2 d thereafter. In a single experiment, between 15-20 explants were pooled for each condition to perform biochemical determinations (DNA synthesis, enzymatic activity). For comparative purposes, HGF (Calbiochem, La Jolla, CA, U.S.A.) was also added at 3, 10, 20 ng/mL to jejunal and colonic explants. The dosages used in this study were proven to stimulate proliferation and migration of gastric epithelial cells in primary culture (14) .
Determination of DNA synthesis rates. To evaluate the incorporation of thymidine into DNA, 2 Ci of [methyl-3 H]thymidine (82.0 Ci/mmol; Amersham Canada, Oakville, Ontario, Canada) was added per milliliter of L-15 medium during the last 6 h of culture. Explants were pooled and homogenized into ice-cold redistilled water, and the level of radioactive precursor incorporated into trichloroacetic acidprecipitable nuclear material was determined by counting a 0.5-mL sample (23) in a Beckman liquid scintillation system (Beckman Instruments Inc., Fullerton, CA, U.S.A.). DNA content was determined with calf thymus DNA as standard according to Giles and Myers (26) . Data were expressed as dpm/mg tissue and reported in stimulation or inhibition percentage versus control value.
Determination of brush-border hydrolase activities. The homogenates were used immediately for enzymatic determinations. Disaccharidases, namely SI and lactase, were assayed according to Dahlqvist as modified by Lloyd and Whelan (27) . Alkaline phosphatase (ALPase) and ␥-glutamyl transpeptidase (␥-GTase) activities were measured by the methods of Eichholz (28) and Naftalin et al. (29) , respectively. Protein content of the homogenates was determined with Folin reagent (30) with use of BSA as a standard (fraction V purchased from Sigma Chemical Co., St. Louis, MO, U.S.A.). Data were expressed in international units (mol/min of substrate hydrolyzed) per gram of protein and reported in stimulation or inhibition percentage versus control value.
Gel electrophoresis and immunoblotting. SDS-PAGE was performed as described previously for fetal stomach (31) . SDS concentrations of 10 and 12%, respectively, were used to reveal KGF and KGF-R proteins in different segments of the human fetal gut (esophagus, stomach, small intestine, and colon at 14 and 20 wk). Briefly, total proteins from tissue homogenized in 20 mmol/L Tris-HCl pH 6.8 were rapidly processed for solubilization under reducing conditions (2% ␤-mercaptoethanol), loaded at an 80 -100 g/well concentration, transferred to Trans-Blot nitrocellulose membranes (BioRad, Mississauga, Ontario, Canada), and then processed with the Western-Light Plus Chemiluminescent Detection System (Tropix Inc., Bedford, MA, U.S.A.). A goat polyclonal antihuman KGF (1:1000; Santa Cruz Laboratories, Santa Cruz, CA, U.S.A.), a rabbit polyclonal anti-human bek (1:750; Santa Cruz), a rabbit polyclonal anti-human K-sam (1:750; a kind gift from Dr. M. Terada, National Cancer Center Research Institute, Tokyo, Japan), and a mouse monoclonal antikeratin-18 clone CY-90 (1:5000; Sigma Chemical Co.) were tested as primary antibodies. Membranes were incubated with biotinylated secondary antibodies, e.g. rabbit anti-goat IgG (1:5000), goat anti-rabbit IgG (1:5000), or goat anti-mouse IgG (1:40,000), and then with ALPase-conjugated streptavidin (1:20,000). Proteins were revealed with ultra-pure CSPD chemiluminescent substrate (Tropix, Bedford, MA, U.S.A.).
Indirect immunofluorescence. Immunohistochemistry was performed on cryosections of GI segments fixed in acetone-:chloroform (1:1) for 5 min at 4°C as described (31) . After reduction of nonspecific binding (15 min), sections were incubated for 1 h with anti-bek receptor or anti-K-sam receptor diluted in 0.2% BSA-PBS (1:30 and 1:100, respectively). FITC-conjugated anti-rabbit IgG (Boehringer Mannheim Canada, Laval, Québec, Canada) was then added for 1 h at a working dilution of 1:30. Extensive washings with PBS were performed between each of the previous steps. Sections were finally counterstained with 0.01% Evan blue in PBS, mounted in glycerol:PBS (9:1) containing 0.1% paraphenylenediamine, and observed with a Reichert Polyvar 2 microscope (Leica Canada, Saint-Laurent, Québec, Canada) equipped for epifluorescence. Photographs were taken with Kodak Tri-X Pan (400 ASA) film. Nonspecific immunostaining was evaluated by omitting the primary antibodies or by replacing them with nonimmune serum.
Statistical analysis. Final results were expressed as mean Ϯ SEM for biochemical parameters. Statistical significance was fixed at 95% and evaluated by ANOVA followed by t test when significance was indicated.
RESULTS

Identification of KGF and its receptor by Western blotting.
The presence of immunoreactive KGF and KGF-R proteins was ascertained in 16-to 20-wk GI tract segments by using polyclonal antibodies under reducing conditions (Fig. 1) , and equal protein loading was routinely verified by anti-keratin-18 staining. As shown in a representative experiment revealing a 26 -28 kD doublet in tissues from a 20-wk-old specimen (Fig.  1A) , KGF was successfully detected in all segments. The minor 145-kD and the major 135-kD forms of FGFR2/bek receptor were visualized in esophagus, stomach, jejunum, and colon by use of an anti-bek antibody. The low molecular-weight receptor of 135 kD (the epithelial spliced variant) was specifically detected with anti-K-sam (Fig. 1B) in all GI tract segments.
Immunofluorescent staining of receptors. KGF-R was localized on tissue cryosections by use of anti-bek and was found to be ubiquitously expressed in the mucosal epithelium of all GI tract segments. No significant staining was visualized in control experiments when omitting the primary antibody or replacing it with rabbit nonimmune serum. In esophagus, stem cells of the basal epithelial layer were intensely reactive, as illustrated in a 20-wk-old specimen ( Fig. 2A) , and the suprabasal cells were weakly stained. In stomach, immunoreactivity was associated with basolateral plasma membrane and cytoplasm in both surface and glandular epithelial cells, including those located in the gastric proliferative compartment (Fig.   2B ). A nuclear labeling was also detected in glandular cells. In small intestinal segments (i.e. in duodenum, jejunum, and proximal ileum), KGF-R staining was found at the basolateral membrane and cytoplasm in differentiated enterocytes as well as in crypt cells, and an increasing gradient of expression was clearly established toward apex of the crypt-villus axis (Fig.  2C) . The brush border was always negative. In fetal colon, all epithelial cells lining the villi and crypts were labeled (Fig. 2E) as in the small intestine. The use of an anti-K-sam polyclonal antibody yielded similar results; immunostaining was clearly concentrated in digestive epithelia, and its segment-specific patterns were comparable to those obtained with anti-bek (data from jejunum and colon are shown; Fig. 2, D and F) .
KGF and DNA synthesis. The incorporation of [ 3 H]thymidine into cellular DNA was determined in control and KGFtreated explants after a 6-h pulse performed at the end of selected culture intervals (Fig. 3) . After 2 d of culture, DNA synthesis was not significantly altered by KGF in any of the GI segments but was dose-dependently increased after 5 d. The highest stimulations were obtained with 50 ng/mL KGF in esophagus (40%) and stomach (41%). Significant increases were induced at the same concentration in colon (34%) and jejunum (26%). Within the age group tested (16 to 20 wk), no evident correlation was noted between the amplitude of KGF response and fetal age in each segment (not shown).
KGF and intestinal hydrolase activities. The specific activities of SI, lactase, ␥-GTase, and ALPase were measured in cultured explants from 16 -20-wk jejunum and colon maintained with or without KGF (10, 50 ng/mL) (Fig. 4) . As 506 verified herein and in reference studies (19, 23) , the activities of some brush-border hydrolases in jejunum are already comparable at this stage to adult levels. For SI, between 20 and 30 IU/g protein were measured (70 to 100% of values in mature intestine), whereas only 1.5 to 2 IU/g protein were measured for lactase (30% of newborn level). An interesting observation is that the effects of KGF were already maximal after 2 d of culture. In jejunal explants (Fig. 4, upper panel) , SI and ␥-GTase activities exhibited significant 30 and 27% increases in the presence of 50 ng/mL KGF. On the contrary, SI and ␥-GTase activity levels were decreased by 33 and 19% in colonic explants treated with the growth factor (Fig. 4, lower  panel) . In both segments, lactase activity remained low in the presence of KGF. ALPase activity was differently altered in the presence of 50 ng/mL KGF; it was unchanged in small intestine and was significantly increased by 34% in colon. The effects of HGF on brush-border enzymes were also tested on jejunum and colon after the same interval for comparative purposes (Fig. 5) . When added at three different concentrations (3, 10, 20 ng/mL), no significant modulation of enzymic activity was induced (results for 10 ng/mL HGF are shown). In summary, it appears that KGF exerts specific and opposite effects on brush-border hydrolase activities in intestinal and colonic tissues.
DISCUSSION
The current investigation establishes that KGF and its associated receptor are present in all human fetal GI segments. In recent years, several investigators have indeed proposed that EGF-related factors (32) , HGF (33) (34) (35) , and KGF (36) are important and cooperative regulators of cell proliferation in developing gut tissues. They simultaneously demonstrated that KGF and HGF mRNA are synthesized by the mesenchyme/ stroma underlying the digestive epithelium and that their cog- We revealed the ubiquitous presence of immunoreactive KGF ligand detected as a 26 -28-kD doublet in esophagus, stomach, small intestine, and colon. This doublet corresponds to KGF purified from the culture media of human cells and likely reflects differences in glycosylation patterns (9, 38, 39) . The receptors were also identified by Western blot by using anti-bek and anti-K-sam antibodies that, respectively, recognize both products (135-145 kD) of the FGFR-2/bek gene and the low molecular-weight form. As recently reported for the small intestine (36), these antibodies revealed a major 135-kD protein in each segment, indicating that it represents the main form expressed in human fetal GI tract. In the mouse fetus, comparison of bek and KGF-R mRNA expressions similarly established that the second transcript was preferentially expressed in intestinal and gastric epithelia (8) . The immunofluorescence staining data obtained on tissue cryosections illustrate that KGF-R is ubiquitously expressed in the epithelium of every GI segment, thus corroborating the identification of KGF as a paracrine epithelial growth factor in the human model. Receptors were found in proliferative cells, and this population was most intensely stained in esophagus followed by stomach, colon, and small intestine in decreasing order of intensity. Anti-KGF-R immunoreactivity was not only visualized at the basolateral membrane level but also in the cytoplasm of differentiated epithelial cells in the small intestine and colon as well as in stomach in which the cytoplasmic and nuclear compartments were most intensely labeled. Another study (6) demonstrated that proteins recognized by anti-K-sam are present on the plasma membrane and into the cytoplasm of adult gastric epithelial cells and gastric carcinoma cells. This unusual localization for growth factor receptors, which are classically associated with plasma membrane, is a feature characteristic of the FGF-R family (1, 40) . On a functional basis, KGF binding appears to elicit phosphorylation of the membrane receptor and signal transduction with kinetics similar to other membrane receptors (41) . Furthermore, it has been proposed that internalization of KGF-R, which seems rather intense in many cell types studied so far, may account for cytoplasmic immunoreactivity and important intracellular trafficking of ligand produced in the cell environment (42) . It even appears that KGF-R reaching the endosomes after 10 min of internalization are still activated because antiphosphotyrosine signals colocalize to endosomes and putative KGF-R substrates redistributed to the same organelles are phosphorylated (42) . Therefore, the localization of KGF-R at either the basolateral membrane or into the cytoplasm of fully differentiated cells suggests that KGF could also play a role as a modulator of digestive functions in the gut epithelium.
Results from organ culture experiments do provide direct evidence for the involvement of this paracrine system in the regulation of cell proliferation in the entire human fetal gut. Exogenous recombinant KGF greatly stimulated the incorporation of 3 H-thymidine into DNA-synthesizing cells in the esophagus, stomach, and colon and to a lesser degree in the jejunum in accordance with immunofluorescence data showing varying levels of KGF-R expression in different proliferative populations. These new findings point to an important role for KGF as a regulator of cell renewal, and the observation that its stimulatory effect occurs between 2 and 5 d of culture further suggests that its growth-promoting action may be indirect and mediated through the release of an endogenous secondary signal. Future investigations will evaluate the possible implication of autocrine factors such as TGF␣ based upon the recent finding that this growth factor mediates the effect of KGF on the release of inflammatory cytokines in intestinal tissue (36) .
The human small intestine acquires its adult morphology and most of its digestive functions very early during fetal development (19, 20) . It is generally agreed that by 14 wk of gestation, the overall morphologic appearance of the small intestine and the SI activity levels, for example, are comparable to those in adult intestine. We report herein that the addition of KGF to jejunal explants stimulated SI and ␥-GTase without affecting lactase and ALPase. It is, thus, the first growth factor able to up-regulate human intestinal SI activity because EGF negatively influences this brush-border enzyme (43) and hydrocortisone (19) or insulin (44) remains without effect. The up-regulation of SI activity induced by KGF contrasts with the recent report that the same growth factor diminishes expression of the SI gene in Caco-2 cells (41). In the latter study, the authors concluded that KGF is able to specifically downregulate intestine-specific SI expression. One has to keep in mind, however, that this cell line was initially established from a colonic adenocarcinoma (45) , and there are several indications that the closest analogy that can be found is with the human fetal colon epithelium (46, 47) . Indeed, in the human, the colon develops between 14 and 30 wk of gestation and is characterized by the presence of villi lined by columnar epithelial cells exhibiting all intestinal brush-border enzymes 
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including SI. Between 30 wk of gestation and birth, the villi structures will disappear along with most of the enzymic activities, whereas these will continue to be fully maintained in the small intestinal enterocytes (47) . The present data clearly establish that KGF down-regulates the expression of SI in human fetal colon and, therefore, are in agreement with the KGF effects reported in Caco-2 cells (41) . Further work will be required to delineate the molecular mechanisms involved in the opposite effects of KGF on brush-border enzyme activities in general and on SI in particular in the human small intestine and colon. HGF, another paracrine growth factor, and its receptor c-met have also been shown to be present in all human fetal digestive tract segments (34) . The possible implication of HGF was tested in identical conditions in the small intestine and colon. As opposed to KGF, HGF did not significantly affect any of the studied enzymic activities in both segments. So even though present, HGF would not be part of the regulatory mechanisms of human brush-border hydrolase activities.
In conclusion, the KGF system likely participates in postinductive developmental processes mediated by mesenchymeepithelium interactions that control the proliferation and maturation of epithelial tissue along the entire human digestive tract. Such an assumption is based upon 1) the previous demonstration of reciprocal expression of these genes in gut stroma and epithelium, 2) the presence of immunoreactive KGF and KGF-R proteins in the mucosae of esophagus, stomach, small intestine, and colon during the second trimester of gestation when epithelial cells already possess some adult-type features and functions, particularly the small intestinal enterocytes, 3) the current observation that in each segment maintained in organ culture, exogenous KGF stimulates the proliferation of epithelial cells expressing KGF-R, and 4) the demonstration of a differential regulatory effect on brushborder SI in small intestine and colon that is consistent with the presence of receptors on differentiated cells and with their respective terminal differentiation programs. Overall, the expression pattern, as well as the suggested role of KGF (FGF-7) signaling components during the maturation of human fetal gut, clearly differs from the more localized expression of FGF-1,-2, and -8 in cardiac mesoderm and their restricted roles in morphologic outgrowth of hepatic endoderm and early induction of liver gene expression program in the five-to eight-somite mouse embryo (48) . Finally, our data support the new concept that the KGF paracrine system plays a dual regulatory role on cell proliferation and digestive functions during the development and/or maintenance of the human GI tract.
